A nested reverse transcriptase PCR (RT-nPCR) was developed for the detection of feline coronavirus (FCoV) RNA in the feces, tissues, and body fluids of infected cats. The RT-nPCR was targeted to the highly conserved 3-untranslated region of the viral genome and will detect most, if not all, feline coronaviruses in the field. With the RT-nPCR, FCoV RNA was detected in plasma samples from experimentally infected cats as early as 2 days postinoculation. FCoV RNA was also detected in serum, plasma, or ascitic fluid samples from 14 of 18 cats (78%) with naturally occurring feline infectious peritonitis (FIP). The use of RT-PCR for FIP diagnosis is limited because of the occurrence of apparently healthy FCoV carriers. These asymptomatic cats shed the virus in the feces and, in a number of cases, also had detectable virus in the plasma. Because of the nature of FCoV infections, our RT-PCR assay with plasma or serum cannot be used to establish a definite diagnosis of FIP. However, this assay does provide a new means to identify asymptomatic FCoV carriers. As such, RT-nPCR will be of use to screen cats before their introduction into FCoV-free catteries. Moreover, this assay provides an important tool to study the epidemiology of FCoV.
Feline infectious peritonitis (FIP) is a fatal, immune-mediated, pyogranulomatous disease of domestic and wild cats (for a review, see reference 31). The causative agent, FIP virus (FIPV), is a member of the family Coronaviridae, a group of enveloped, positive-stranded RNA viruses. Feline coronaviruses (FCoVs) differ widely in their pathogenic potentials (32, 36) . Some isolates cause FIP in virtually 100% of experimentally infected cats, while others produce mild enteric infections. These avirulent isolates are commonly referred to as feline enteric coronaviruses (FECVs) (30) . However, FECVs and FIPVs are serologically and genetically indistinguishable (7, 9, 13, (17) (18) (19) 33) and represent virulence variants of the same virus rather than separate virus species.
The key pathogenic event in FIP is the infection of monocytes and macrophages (27, 44) . Avirulent FCoVs are thought to remain confined to the digestive tract and not to spread beyond the intestinal epithelium and regional lymph nodes (14, 35) . FIPV, however, disseminates to other organs, most likely via blood-borne monocytes (41, 45) .
FCoVs are found frequently in cats: antibodies are present in 80 to 90% of the cats in catteries and in 10 to 50% of those in single-cat households (1, 2, 21, 28, 39, 40) . Because only 5 to 10% of seropositive cats die of FIP (1, 28, 29) , it is believed that most cats become infected with avirulent FCoV strains (30, 35) . However, factors such as the susceptibility and age of the host, stress on the host, and virus dose clearly influence the outcome of an infection with virulent FCoV; a large proportion of healthy seropositive cats may in fact have experienced a sublethal infection with FIPV. There is circumstantial evidence for the occurrence of healthy, asymptomatic carriers (1, 32) .
FIP is often misdiagnosed (30) . Its general signs-chronic fever, weight loss, anorexia, and malaise-are nonspecific. In classical ''wet'' or ''effusive'' FIP, these signs are accompanied by a gradual abdominal distension with a viscous yellow ascitic fluid (31) . Another form of FIP, in which little or no exudate is present, occurs. This so-called ''dry'' or ''noneffusive'' FIP is difficult to recognize (24) . The ocular and neurologic problems frequently seen in cats with noneffusive FIP are also observed with other conditions of bacterial and viral origin (39) . The clinicopathological changes in FIP (lymphopenia, neutrophilia, anemia, hyperproteinemia, and hypergammaglobulinemia) are nonspecific and not helpful in making a differential diagnosis (39) . Serology is extensively used as a diagnostic tool: rising or high titers (Ն400), as measured by immunofluorescence, are assumed to be indicative of FIP (3, 21, 28) . However, in view of the facts that a large percentage of the healthy cat population is FCoV seropositive and that high antibody titers are frequently found in asymptomatic cats, the data from coronavirus serology must be interpreted with care (1, 2, (38) (39) (40) . At present, a definite diagnosis of FIP can be established only by histopathologic examination of biopsy or postmortem material (39, 40) .
Compared with serology, reverse transcriptase PCR (RT-PCR) provides the obvious advantage of directly detecting an ongoing infection rather than documenting a previous immune system encounter with a coronavirus. The aim of this study was to explore the use of RT-PCR in FIP diagnosis. We describe a nested RT-PCR (RT-nPCR) assay for the detection of FCoV RNA in tissues, body fluids, and feces of infected cats. Although in most cats with FIP, FCoV RNA was readily detected in the blood, the use of RT-nPCR for FIP diagnosis is limited because of the occurrence of apparently healthy FCoV carriers. Our RT-nPCR assay does provide, however, a new means to identify asymptomatic FCoV carriers.
MATERIALS AND METHODS
Virus and clinical specimens. The FCoV reference strains and their sources are listed in Table 1 . Strains 79-1146, NOR15, 79-1683, and TN406 were grown in fcwf-D (Felis catus whole fetus) cells as described previously (11) . FIPV strains UCD1, UCD3, and UCD4 were obtained from the tissue culture supernatant fraction from infected fcwf-D cells. FIPV strains UCD5 and UCD6 were recovered from omental samples. FECV strain UCD was recovered from feces. All of these materials were generously provided by Niels Pedersen. The tissue culture supernatant fraction of FEL (feline embryonic lung) cells containing the Wellcome strain was kindly provided by David Harbour. Mouse brain homogenate containing FIPV strain Dahlberg was a gift from Albert Osterhaus. Tissue and ascitic fluid samples from cats with naturally occurring FIP were included in the survey. In these cats, a definite FIP diagnosis was established by postmortem histopathologic examination. Fecal and plasma samples from cats suspected of having natural FCoV infection were obtained from a cattery of Norwegian Forest cats. Plasma samples were also collected from cats experimentally infected with FIPV strain 79-1146. In addition, plasma, serum, and ascitic fluid samples were collected from 26 cats for which FIP was considered a presumptive diagnosis. These latter samples were kindly provided by Katrin Hartmann.
Sample preparation. Tissue culture supernatant fractions and mouse brain homogenate (26) containing reference virus (Table 1) were diluted 1:50 in phosphate-buffered saline (PBS) and used directly in the RT reaction. Omentum, kidney, liver, and spleen samples, stored at Ϫ20ЊC, were homogenized in an equal volume of PBS in an Eppendorf tube. Insoluble components were removed by centrifugation for 10 min at 10,000 ϫ g. The fatty upper layer, if present, was discarded, and the supernatant fraction was collected, diluted 1:50 in PBS, and used directly in the RT reaction. Ascitic fluid was diluted 1:100 in PBS.
Fecal samples were suspended 1:1 (vol/vol) in PBS and homogenized by vigorous vortexing. Insoluble components were pelleted for 10 min at 10,000 ϫ g, and the supernatant fraction was stored at Ϫ20ЊC. For analysis, the samples were thawed, diluted 1:100 in PBS, and used directly in the RT reaction.
Plasma of experimentally infected cats was collected from EDTA-blood and stored at Ϫ20ЊC. Viral RNA from 100 l of plasma or serum was concentrated by the guanidinium thiocyanate-silica (SiO 2 ) protocol of Boom et al. (6) but with 20 rather than 40 l of the 50% SiO 2 suspension. The RNA was eluted from the silica pellet with 25 l of TE (10 mM Tris-HCl [pH 8.0], 0.5 mM EDTA) by a 10-min incubation at room temperature followed by a 10-min incubation at 65ЊC. The silica was pelleted by centrifugation, and the supernatant fraction was used in the RT reaction.
Primer selection and RT reaction. The oligonucleotide primer sequences were chosen from the highly conserved 3Ј-untranslated region (3Ј-UTR) of the FCoV genome ( Fig. 1 ; Table 2 ).
In the lid of a 1.5-ml reaction tube, 8.5 l of RNA-containing sample was added to the first premix, consisting of 3 l of 5ϫ RT buffer (250 mM Tris-HCl [pH 8.3 at 22ЊC], 375 mM KCl), 2 l of primer P211 [5 M], and 0.5 l of a freshly prepared diethyl pyrocarbonate (Fluka Chemi AG, Buchs, Germany) -ethanol mixture (0.8% [vol/vol] diethyl pyrocarbonate in 96% ethanol). The lid was closed, and the template-premix solution was spun down. The tube was allowed to stand for at least 5 min at room temperature and was then incubated for 10 min at 100ЊC. Subsequently, the tube was placed on ice, and 6 l of the second premix, containing 1 l of 5ϫ RT buffer, 2 l of dithiothreitol (100 mM), 1 l of a mixture of the four 2Ј-deoxynucleoside 5Ј-triphosphates (10 mM each), 1 l of RNAguard/RNase inhibitor (30 to 40 U/l) (Pharmacia Biochemicals, Milwaukee, Wis.), and 1 l of Moloney murine leukemia virus RT (200 U/l) (Gibco BRL Life Technologies, Gaithersburg, Md.), was added. This reaction mixture was spun down and incubated at 37ЊC for 60 min.
PCR amplification. The RT-PCR assay was optimized with cytoplasmic RNA isolated from fcwf cells infected with FIPV strains TN406 and 79-1146. The optimal MgCl 2 concentrations for the first and second PCRs were established at 2 and 1.5 mM, respectively.
Following reverse transcription, 10 l of the RT reaction mixture was added to 90 l of the PCR mixture. The PCR mixture consisted of 10 mM Tris-HCl (pH 9.0 at 25ЊC), 50 mM KCl, 0.1% Triton X-100, 2 mM MgCl 2 , 150 M each 2Ј-deoxynucleoside 5Ј-triphosphate, 200 nM sense primer P205, 150 nM antisense primer P211, and 2 U of Taq DNA polymerase (Promega Corp., Madison, Wis.). The reaction mixture was overlaid with 100 l of light white mineral oil (Sigma, St. Louis, Mo.) and placed in a thermal cycler (Perkin-Elmer Cetus, Norwalk, Conn.). The temperature cycling protocol consisted of 5 min of preheating at 90ЊC followed by 40 cycles of 50 s of denaturation at 94ЊC, 1 min of primer annealing at 55ЊC, and 1 min of primer extension at 72ЊC.
Ten microliters of the first amplification reaction mixture was used for a second round of amplified with the nested pair of primers in a 100-l reaction volume containing 10 mM Tris-HCl (pH 9.0 at 25ЊC), 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl 2 , 200 M each 2Ј-deoxynucleoside 5Ј-triphosphate, 200 nM sense primer P276, 200 nM antisense primer P204, and 2 U of Taq DNA polymerase. For the nested PCR, 35 cycles of 50 s of denaturation at 94ЊC, 1 min of primer annealing at 55ЊC, and 1 min of primer extension at 72ЊC were employed.
Analysis of PCR-amplified products. A 15-l sample from each PCR mixture was analyzed in a 2% agarose gel. HinfI-digested pGEX-1 (37) was used as a molecular weight marker. Amplification products were visualized by ethidium bromide staining. Samples revealing a band of 177 bp after the nested PCR were considered positive for coronavirus RNA. The identities of the PCR products were confirmed by DraI digestion, which yielded products of 35 and 142 bp. This restriction enzyme reaction was performed directly with the 15-l PCR sample. Nucleotide sequencing of PCR products was performed with a cycle sequencing kit (Gibco BRL Life Technologies) and one of the PCR primers. The PCR DNA was purified by electrophoresis in 1% SeaPlaque GTG low-melting-point agarose gel (FMC BioProducts, Rockland, Maine) run in 0.4ϫ TAE (1ϫ TAE consists of 0.04 M Tris-acetate and 0.001 M EDTA). Cycle sequencing was performed directly on molten gel slices containing approximately 40 ng of the PCR product.
Precautions taken to avoid carryover of amplification products included physical separation of the pre-and post-PCR procedures, the use of aerosol-resistant tips (BioZyme, Kerkrade, The Netherlands), manipulation in a flow cabinet, and Anti-FCoV antibody titers. Anti-FCoV antibody titers were determined by immunofluorescence assay. Swine kidney cells were inoculated with porcine transmissible gastroenteritis virus (TGEV) at a multiplicity of infection of 10 PFU/cell and incubated for 8 h at 37ЊC. Subsequently, the cells were trypsinized, mixed with approximately 50% uninfected cells, and seeded onto eight-well glass plates (Nutacon, Amsterdam, The Netherlands). The cells were fixed in cold acetone and stored at Ϫ20ЊC. The glass plates were washed before use. Cells were incubated for 60 min at 37ЊC with serial twofold dilutions of plasma or serum samples in PBS. After the plates were washed three times for 5 min each time, fluorescein isothiocyanate-conjugated goat anti-feline immunoglobulin G was added to the wells. The plates were incubated for 60 min at 37ЊC and washed, and fluorescence was determined with an Olympus BHS-F microscope.
RESULTS
Design of a coronavirus-specific RT-nPCR assay. An assay for the detection of FCoV RNA in sera and feces of infected cats would provide a useful tool in establishing FIP diagnosis and a means to identify asymptomatic virus shedders. For this purpose, we developed an RT-nPCR assay specific for the 3Ј-UTR of the viral genome. A comparison of eight independent FCoV isolates revealed 97 to 100% nucleotide sequence identity in the 3Ј-UTR (17) . The sequence of this region is also highly conserved in TGEV and in canine coronavirus (CCV) (10, 20, 43) .
The nucleotide sequences of the primers and their locations on the FCoV genome are presented in Table 2 and Fig. 1 . The primers were derived from sequences that are conserved among TGEV, CCV, and the various FCoV isolates. Primer sets were chosen so as to yield short amplification products, i.e., 223 and 177 bp for the first and second PCRs, respectively (Fig. 1) , in order to facilitate complete extension even if the quality of the RNA template was poor. The resulting PCR products contain a DraI restriction site that is conserved in all FCoV strains analyzed thus far.
Specificity of primers. To determine whether the assay detects different FCoV strains, tissue culture supernatant fractions from eight FCoV strains (Table 1) were subjected to RT-nPCR. This collection contained FIPV strains tentatively assigned to serotypes I (TN406, UCD1, UCD3, and UCD4) and II (79-1146 and NOR15) (8, 18, 19, 33) and an FIPV strain not yet assigned to a group (Wellcome), as well as the type II FECV strain 79-1683 (33) . In all cases, products of 223 and 177 bp were found after the first PCR and the nested PCR, respectively (Fig. 2) . The identities of these products were confirmed by DraI digestion and nucleotide sequence analysis. Four additional FCoV strains that had been passaged only in vivo were studied by performing RT-nPCR directly with mouse brain homogenate (FIPV strain Dahlberg), tissue homogenates (FIPV strains UCD5 and UCD6), and feces (FECV strain UCD). Again, specific PCR products of 223 and 177 bp were obtained (Fig. 2) .
As a final control, samples from five cats that had died from natural FIP as determined by histopathological examination were studied. Tissue homogenates of omentum, kidney, spleen, and liver were subjected to the RT-nPCR. In all cases, the coronavirus-specific 177-bp PCR product was obtained after the nested PCR.
Detection of FCoV RNA in experimentally and naturally infected cats. To be of use as a diagnostic tool, the RT-nPCR assay should be sensitive enough to detect viral RNA in the plasma of infected cats. We therefore inoculated four cats oronasally with 1,000 PFU of FIPV strain 79-1146. Blood samples were taken three days before inoculation and at days 2, 4, 7, 10, 15, 18, and 22 postinoculation (p.i.). The cats were euthanized in extremis at 22 days p.i. An RT-nPCR performed directly with the plasma detected FCoV RNA at 4, 10, and 15 days p.i.
To improve the sensitivity of the RT-nPCR assay, the viral RNA was extracted from the plasma by using a simple guanidinium thiocynate-silica concentration step (6) . With this procedure, FCoV RNAs could be detected from the day 4 p.i. onwards. In one cat, FCoV RNA was detected already from the day 2 p.i. onwards. To measure the minimal amount of virus that can be detected by silica extraction and RT-PCR, 10-fold serial dilutions of tissue culture-grown FIPV strain 79-1146 were prepared with plasma from a specific-pathogenfree cat. Virus quantities as low as 10 Ϫ1 and 10 Ϫ3 50% tissue culture infective dose units were reproducibly detected with the first and nested PCRs, respectively.
To explore the diagnostic potential of RT-PCR, in a doubleblind study we analyzed serum, plasma, or ascitic fluid samples from 26 cats suspected of having FIP. For 18 cats, a definite diagnosis of FIP was established by postmortem pathologic examination; for the remaining 8 cats, a disease other than FIP was diagnosed (Table 3) . Of the 18 cats with FIP, 9 (50%) were positive for FCoV in the RT-nPCR assay with serum. Five additional cats were positive upon analysis of plasma or ascitic fluid. Thus, FCoV RNA was detected in 14 of 18 cats with FIP (78%). FCoV RNA was also detected in the serum of a cat diagnosed with feline leukemia. No FCoV RNA was detected in the sera of the other cats that had conditions other than FIP. The anti-FCoV antibody titers in the serum and plasma samples were determined by immunofluorescence. Of the 18 cats determined by histopathology to have FIP, only 8 cats had titers of Ն320 (Table 3) .
Detection of FCoV RNA in fecal and plasma samples of asymptomatic cats. To determine whether RT-PCR can be used to identify shedders of FCoV, we studied seven Norwegian Forest cats from a cattery. The majority of these cats were FCoV seropositive. They had occasional diarrhea but were apparently healthy, and there were no cases of FIP in the cattery. Fecal samples were collected from seven cats of different ages at three different times over an 8-month period (Table 4 ). All samples were normal stools. Fecal suspensions in PBS were subjected to RT-nPCR either directly or, to increase sensitivity, after guanidinium thiocyanate-SiO 2 extraction. As shown in Table 4 , all cats shed FCoV at one of the collection times. FCoV RNA was detected in the feces of cats 1, 2, and 7 at all three sampling dates, suggesting chronic virus shedding. Surprisingly, FCoV RNA was also found in the plasma samples from two of the cats (cats 1 and 5).
DISCUSSION
We have developed an RT-nPCR assay for the detection of coronavirus RNA in plasma, tissue, and feces of infected cats. The assay is targeted to the 3Ј-UTR of the viral genome. Because the nucleotide sequence of this region is highly conserved among CCV, TGEV, and the various FCoV isolates (11, 17, 20, 43) , the RT-nPCR should detect most, if not all, FCoV strains circulating in the cat population. The assay does not distinguish between virulent and avirulent FCoV strains, nor will it discriminate FCoV from TGEV and CCV. Although cats can be experimentally infected with CCV and TGEV (4, 22, 42, 46) , it is not known whether these viruses infect cats naturally. The assay is highly sensitive: FCoV RNA was detected in the plasma of experimentally infected cats from as early as 2 to 4 days p.i.
To assess the diagnostic potential of RT-PCR, we analyzed serum, plasma, or ascitic fluid samples from 26 cats for which FIP had been considered a likely diagnosis. By histopathologic examination a definite diagnosis of FIP was established for 18 of these cats. Viral RNA was detected by RT-nPCR in 14 of the 18 cats with FIP (78%). As shown in Table 3 , in most cases only serum was available. A higher success rate may have been obtained if plasma had been used instead. Dilution experiments in which plasma and serum samples from the same cat were compared showed that RT-nPCR with plasma is 10-fold more sensitive (15) . However, even if it were possible to detect FCoV RNA in 100% of the cats with FIP, the use of RT-PCR for FIP diagnosis is limited because of the occurrence of FCoV carriers. Of the eight cats with diseases other than FIP, one cat diagnosed with feline leukemia was positive in the RT-nPCR. Moreover, of seven asymptomatic cats that shed FCoV in their feces, two had detectable virus in the plasma (Table 4) . A larger survey of 41 asymptomatic cats from a breeding colony revealed that 73% of these cats shed FCoV in their stools, whereas for 37% of these cats, FCoV RNA was detected in the plasma (16) . While it thus appears that RT-PCR with plasma or serum cannot be used to establish a definite diagnosis of FIP, the assay does provide a new means to identify asymptomatic FCoV carriers.
Thus far, only circumstantial evidence for the existence of an FCoV carrier state has been presented. Kittens exposed to asymptomatic seropositive cats seroconvert within 2 to 10 weeks; subsequently, some of them develop FIP (1, 2, 35) . Furthermore, FIP can be induced in healthy cats by immunosuppression: cats exposed to virulent FCoV and kept in isolation for up to 4 months developed FIP after an experimental superinfection with feline leukemia virus (32) . The detection of FCoV in the feces of healthy seropositive cats, described in this If FCoVs cause a true persistent infection, which cells and/or tissues harbor the virus? This RT-nPCR assay will provide a powerful tool to address these issues. Moreover, the test will be important in the management of cat breeding colonies. Previous studies have shown that early weaning and isolation can prevent kittens from being infected with FCoV (1, 2) . In catteries where FCoV is present, the RT-nPCR may be of use in the identification of asymptomatic FCoV shedders. Perhaps more importantly, RT-nPCR allows screening of cats for FCoV infection before their introduction into FCoV-free cat breeding colonies.
